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 Abstract 
Functionally graded materials offer the potential to improve structural 
efficiency by allowing the material composition and/or microstructural features to 
spatially vary within a component.  Additive manufacturing techniques enable the 
fabrication of such graded materials and structures.  While examining several 
titanium alloys, this paper focuses on Ti-8Al-1Er as it has a unique microstructure 
that is only feasible when produced by rapid solidification methods like electron 
beam directed energy deposition, an additive manufacturing process.  The 
results show that, when mixed, Ti-8Al-1Er and commercially-pure titanium 
uniformly mix at various ratios and the resultant static tensile properties of the 
mixed alloys behave according to rule-of-mixtures.  At discontinuous interfaces 
between Ti-8Al-1Er and commercially-pure titanium, the crack growth behavior 
progresses smoothly across the discontinuity as the crack transitions from one 
crack growth regime into another.  Studies on monolithic samples shows the 
mechanisms of damage in the Ti-8Al-1Er; specifically, that strain localization 
occurs near grain boundaries of high misorientation on the microscale and that 
twinning and dislocation density is concentrated near erbia strengthening 
particles (Er2O3) on the nanoscale.  
 
1. Introduction 
 
Electron beam directed energy deposition (EBDED) is a class of additive manufacturing 
methods where material is deposited using electron-beam energy [1].  Electron beam freeform 
fabrication (EBF3) is an emerging EBDED additive manufacturing process that uses an electron 
beam source to heat an alloy wire feedstock to create a fully-dense, three-dimensional metal 
structure directly from a computer model [2].  The EBF3 System is manufactured by Sciaky, Inc., 
Chicago, IL.  A schematic of the process is shown in Figure 1.  The computer model of the part 
to be fabricated is first planned as discrete layers, each composed of a series of rows of 
deposited material.  A tool path is generated that can recreate the part from these individual 
layers and rows.  The electron beam is then used to form a molten pool on a substrate plate into 
which a feedstock wire is fed, thus creating a bead of deposited material.  By following the tool 
path of the deconstructed 3-D object, the EBF3 machine can deposit sequential beads and 
layers in order to create the part in a freeform manner. 
 
Figure 1. Schematic of EBF3 material production. 
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A particular advantage of additive manufacturing processes like EBF3 is the ability to create 
functional gradient structures through the use of multiple feedstock wires.  Thus, within a single 
component the chemical composition can be locally changed.  This could be advantageous for 
optimizing properties within a given component based on the local design limiting criteria 
[3].  For example, areas of high toughness could be smoothly transitioned into areas of high 
strength with the transition determined by the loading conditions within the part.  This could 
greatly increase the structural efficiency of complex structural aerospace components.  The 
objective of this study is to correlate the EBF3 process with the resulting alloy microstructure 
and, ultimately, to mechanical performance of titanium alloys. 
2. Approach 
 
Several titanium alloys were selected for this study that have different properties, yet are 
likely still mutually compatible in an EBDED composite product.  Of particular interest to this 
study is a titanium alloy with 8% (by weight) aluminum and 1% erbium (Ti-8Al-1Er).  For titanium 
alloys, aluminum is used as a solid-solution strengthener up to about 8 wt%.  For aluminum 
content greater than 8 wt%, strength begins to suffer as an intermetallic is formed.  The addition 
of erbium forms an oxide dispersion of nano-particles that also acts as a strengthener.  
However, erbium is not typically alloyed with titanium because the formation of the 
strengthening nano-dispersoids (Er2O3) requires some level of rapid solidification, which 
standard ingot production does not offer [4, 5].  Alloying titanium with erbium is well suited for 
EBF3 processing as it involves high-cooling rates and rapid solidification.  More commonly used 
titanium alloys were also considered for purposes of comparison, including Ti-6Al-4V, Ti-6Al-
2Sn-4Zr-2Mo, commercially-pure (CP) titanium, and Ti-6Al-4V ELI (extra-low interstitial) which is 
a Ti-6Al-4V alloy having lower levels of impurities (e.g., oxygen and iron) than the standard 
alloy. 
These titanium alloys were chosen for a number of reasons.  First, they are chemically 
compatible in that there are no brittle intermetallic phases expected over the full range of 
possible mixtures and processing temperatures.  Second, they have vastly different static 
mechanical properties.  Finally, the mixtures are easy to quantify by measuring aluminum 
concentration (in solid solution) and also by measuring particle density of Er2O3 dispersoids in 
the case of Ti-8Al-1Er [4].  This will give an indication of the diffusion-based mixing effects 
(aluminum in solid solution) and convection-based mixing effects (Er2O3 in liquid titanium).   
Samples of each material were produced for analysis and mechanical testing.  Ultimately, 
the objective is to establish a link between processing, microstructure, and mechanical 
performance.  Connecting these bodies of knowledge (processing, microstructure, and 
mechanical performance) with both experiment/observation and analysis/modeling is the 
ultimate objective of this effort.  This approach is illustrated in Figure 2.  Here, it is shown that 
processing history affects the resulting microstructure, which in turn affects the mechanical 
performance.  Once this processing-to-performance relationship is understood for a given alloy, 
and incorporated into a predictive model, specific features that are detrimental to performance 
can be mitigated by altering processing parameters; this is illustrated in Figure 2 by the loop.  
Each pass through this “loop” is expected to refine the material performance, at least for a given 
performance attribute (e.g., strength, fatigue life). 
  
 
 
 
Figure 2. Schematic of iterative computationally-informed material design.  Modeling of the EBF3 process 
includes the melt-pool physics (illustrated schematically in the upper left), the distribution of solid phases upon 
cooling (upper center), which ultimately results in the final alloy microstructure (upper right).  The resulting 
mechanical performance is characterized using in-situ testing (within a microscope; lower right).  EBSD (electron 
back-scatter diffraction) is used to provide spatial characterization of microstructure (lower center).  Optical 
microscopy (lower left) is also used to characterize microstructure at higher length scales. 
 
 
3. Materials Processing 
 
Monolithic EBF3 material was produced using titanium and titanium alloy wire feedstock 
deposited on grade 2 commercially-pure (CP) titanium plate substrates.  Materials considered 
were Ti-8Al-1Er, CP-Ti, Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V ELI.  Additionally, 
material was produced with compositional gradients or interfaces between CP-Ti and Ti-8Al-
1Er.  Here, the deposited material was created using grade 2 CP-Ti wire, Ti-8Al-1Er wire, or a 
combination of the two wires.  Constant ratio mixtures were created using fixed feed rates for 
each of the two wires.  A graded composition deposit was created by changing feedstock wire 
halfway through each layer (i.e., five rows of CP-Ti followed by five rows of Ti-8Al-1Er).  As 
there is about 33% overlap between successive rows, there is some degree of mixing between 
the two alloys as the wire feedstock is changed.  This creates a gradient in composition near the 
interface between the deposited materials.  Mechanical testing was conducted on EBF3 titanium 
monolithic and graded materials, including microhardness testing (Section 5.1), tensile testing 
(Section 5.2), fatigue crack growth testing (Section 5.3), and fatigue testing (Section 5.4).  A 
photograph of a typical EBF3 product is shown in Figure 3.     
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Figure 3. Photographs of typical EBF3 products used to produce fatigue crack growth specimens.  Smaller 
specimens were used for microstructural characterization. 
 
4. Microstructural Characterization 
 
Samples produced by EBF3 were analyzed to characterize the microstructure.  This was 
done using both optical and scanning electron microscopy.    
 
4.1. Optical microscopy 
 
  Samples of EBF3 were produced by depositing four side-by-side rows of material (each 
approximately 9 mm wide with an overlap of approximately 33%) to produce a product that was 
approximately 25 mm wide.  Twelve layers were deposited, giving the samples a height of 
approximately 15 mm.  The length of the samples was nominally 125 mm.  The samples were 
sectioned normal to the deposit direction (x direction in Figure 3) and the cross sectional surface 
was then mounted in an epoxy metallurgical mount, polished, and lightly etched.  Optical 
micrographs for each of the five alloys considered are shown in Figure 4.  Here it can be seen 
that the Ti-8Al-1Er appears to have a scalloped appearance showing clearly each of the 
individual passes.  This feature is unique among the alloys examined; with the exception of CP-
Ti, the other three alloys have columnar grains, presumably a result of epitaxial grain growth 
from the multiple thermal cycles of individual deposition passes.  CP-Ti appears to have a large 
grain structure without any obvious texture due to thermal processing.  These observations 
suggest that the Ti-8Al-1Er alloy indeed is different from the other (more commonly used) 
titanium alloys.  Unlike constituents in other titanium alloys, erbium acts as an oxygen getter, 
 producing erbia (Er2O3) precipitates in Ti-8Al-1Er, which strengthen the material by inhibiting 
dislocation motion [4].  Scanning electron microscopy was done on the Ti-8Al-1Er alloy to 
further investigate the microstructure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 
 
 
Figure 4. Optical microscopy images of EBF3 products. 
 (a) Ti-8Al-1Er (b) Ti-6Al-4V 
(c) Ti-6Al-2Sn-4Zr-2Mo (d) CP-Ti (grade 2) 
(e) Ti-6Al-4V ELI 
5mm 
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4.2. Scanning Electron Microscopy (SEM) 
 
Tensile specimens were prepared from Ti-8Al-1Er material and polished for electron 
backscatter diffraction (EBSD) characterization.  Specimens were loaded in the direction of wire 
deposition, also known as the “L” direction.  The observed (polished) surface was normal to the 
plane of the substrate.  The sample was mechanically polished, with the final polishing steps 
using a 1 micron and 3 micron diamond suspension.  The final polishing step was colloidal silica 
mixed with reagent grade 30% hydrogen peroxide (H2O2).  This polish resulted in an average 
band contrast (a dimensionless quality metric of EBSD patterns from Oxford Instruments’ 
AZtecHKL software) of around 110, a value that suggests the patterns are readily indexable.  
EBSD characterization was performed using an Oxford Instruments AZtec EBSD system on a 
FEI/Phillips XL30 Environmental Scanning Electron Microscope (ESEM).  Energy Dispersive 
Spectroscopy (EDS) analysis was performed on a HitachiS-3700N SEM equipped with an 
Oxford Instruments AZtec EDS system.    
4.2.1. Electron Back-Scatter Diffraction (EBSD) 
 
EBSD was employed to characterize the grain structure of the Ti-8Al-1Er. The average grain 
size of the material was about 16 microns, but the distribution was bimodal due to the high 
amount of twinning. A large number of compression twins were detected in the material before 
deformation. The characteristic misorientation angle of these twins was between 57 and 64 
degrees, suggesting these twins were compression twins of the ሼ1	0	1ത	1ሽ  or ሼ1	1	2ത	1ሽ type [6]. A 
smaller number of tensile twins with a characteristic plane of ሼ1	0	1ത	2ሽ and a misorientation 
angle of 85 degrees were also detected.  The twin fraction was so high, it is difficult to 
distinguish between parent and child grains to assess the twin fraction. In hexagonal materials, 
twin boundaries are often significant in crack initiation and propagation. For an example of this 
highly twinned microstructure, see Figure 5. 
 
4.2.2. Energy Dispersive Spectroscopy (EDS) 
 
Based on the processing parameters described above, we expected the majority of the erbia 
dispersoids in the material to be nanometer sized, too small to be properly resolved via SEM. 
Using backscatter imaging, a number of highly florescent particles around 0.25-1 micron in size 
were observed, which EDS confirmed were erbium rich. Because erbium is not miscible with 
hexagonal titanium at almost any concentration, we concluded that these large particles were 
simply unexpectedly large erbia (erbium oxide) particles, a hypothesis confirmed by the fact that 
these particles have EBSD patterns consistent with a cubic material (erbia is approximately 
cubic). These larger dispersoids are homogeneously distributed, see Figure 6. Closer inspection 
of the twin grain boundaries using a back scatter detector on a different region of the sample 
(see Figure 7) indicates that smaller nano-particles decorate the grain boundaries, including 
twin boundaries.  The fact that the homogeneously distributed particles are larger than those on 
the grain boundaries suggests that nucleation of erbia particles is homogeneous and on 
subsequent passes erbia nucleates on the grain boundaries and pre-existing dispersoids grow.  
The effect of this distribution of erbia particles on fracture will be discussed in the next section. 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  An inverse pole figure (IPF) map of the highly twinned microstructure of the Ti-8Al-1Er alloy.  The twins 
are compression twins with a misorientation of 57-64 degrees. 
 
 
 
Figure 6. Band contrast image (left) with large erbium rich particles highlighted in pink and an inverse pole figure 
map (right) of a region of the Ti-8Al-1Er sample.  Note that these larger florescent particles are homogeneously 
distributed, not along grain boundaries. 
 
 
 
5. Mechanical Testing and Results 
 
Mechanical tests were run on the EBF3 Ti-8Al-1Er and CP-Ti to characterize their 
performance.  These tests include micro-hardness testing, tensile testing, fatigue crack growth, 
and fatigue testing. 
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Figure 7.  Back scatter image of fine erbia particles along grain and twin boundaries. 
 
 
5.1. Micro-Hardness Testing Across a CP-Ti/TiAlEr Interface 
 
A single layer deposited sample containing five rows of 100% CP-Ti with a step change to 
five rows of 100% Ti-8Al-1Er was used to evaluate the transition.  A cross-section cut was made 
(the y-z plane in Figure 3) in this deposit and micro-hardness measurements (Vickers indenter 
with 300g force) were made at constant intervals across the entire deposit.  The micro-hardness 
data are plotted in Figure 8.  The hardness values in the CP-Ti deposit are approximately 140 
VHN300gf.  A sudden increase in micro-hardness occurs at the interface, increasing from 
approximately 140 VHN300gf to 240 VHN300gf over a distance of about 1 mm.  In the Ti-8Al-1Er 
deposit, the hardness increased slightly with distance from the interface (increasing from about 
240 VHN300gf to 290 VHN300gf over a distance of about 8mm).  This is attributable to the 
diminishing effects of dilution that occurs as successive rows are deposited further from the 
interface.   
 
 
 Figure 8. Micro-hardness test data across the interface of CP-Ti to Ti-8Al-1Er alloy of EBF3 deposited 
sample. 
 
5.2. Tensile Testing 
 
A total of 10 single-wall deposits were made for tensile testing (approximately 6 mm wide).  
Each deposited wall was approximately 250 mm long and 14 mm high.  A 973 K, 2 hour vacuum 
anneal heat treatment was performed on all the deposited specimens prior to machining.  From 
each wall, two flat dog-bone tensile test specimens were extracted using wire electro-discharge 
machining (EDM).  The specimens had gage section dimensions of 32 mm long by 6.4 mm wide 
by 3.2 mm thick.  Five different compositions were tested: 100% of each starting wire 
composition (Ti-8Al-1Er and CP-Ti) and mixed volumetric ratios of 25:75, 50:50, and 75:25.  
Four specimens were fabricated with each composition.  Tensile testing was performed 
according to the ASTM Standard E8 [7].   
The mechanical properties from tensile testing of the EBF3 products are shown in Figures 9 
and 10 as a function of composition.  The results shown in Figure 9 indicate a slight increase in 
elastic modulus (12%) as the composition varies from 100% CP-Ti to 100% Ti-8Al-1Er.  This 
composition change also results in a reduction of elongation at failure (ductility) from 
approximately 50% to 10%. The data in Figure 10 indicate an increase in yield stress from 
approximately 240 MPa to 740 MPa due to the addition of the alloying elements (Al and Er).  
The strength increase can mainly be attributed to solid solution effects for aluminum and 
dispersoid effects for erbium.  The trend is linear with respect to composition, implying a rule-of-
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mixtures effect.  The variation in ultimate tensile strength is similar in that it increases nearly 
linearly with increasing alloying elements, and increased from approximately 340 MPa (CP-Ti) 
to 810 MPa (Ti-8Al-1Er). 
 
 
Figure 9. Tensile properties (elastic modulus and elongation) as a function of alloy content for EBF3 
deposited samples. 
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Figure 10. Tensile properties (ultimate and yield stress) as a function of alloy content for EBF3 
deposited samples. 
 
5.3. Fatigue Crack Growth Testing 
 
Deposited structures approximately 150 mm long by 63 mm wide were fabricated for fatigue 
crack growth testing.  Within each structure, the deposited rows were approximately 6 mm wide 
and were oriented parallel to the loading axis of the crack growth specimens (the vertical 
direction in Figure 11(c)).  A 973 K, 2 hour vacuum anneal heat treatment was performed on all 
samples prior to machining.  Eccentrically-loaded single edge notch tension (ESE(T)) fatigue 
crack growth specimens were machined from the EBF3 product forms.  A schematic of the 
ESE(T) specimen configuration is shown in Figure 11(a) [8, 9].  The loading direction is parallel 
to the direction EBF3 material was deposited and the crack is expected to grow across 
(perpendicular to) the EBF3 deposited rows. 
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(a)                                                 (b)                                                   (c) 
Figure 11. Fatigue crack growth specimen details: (a) ESE(T) specimen configuration, (b) detail of 
initial machined crack, and (c) specimen orientation with respect to EBF3 deposit. 
Fatigue crack growth testing was performed in accordance with the ASTM Standard E647 
[9].  During testing, crack length was monitored using a crack-mouth-opening displacement 
(CMOD) gauge and applied loads were continuously changed such that pre-determined values 
of the crack-tip stress intensity range (K) were achieved [10].  Testing was conducted in room 
temperature laboratory air at a cyclic loading rate of 5 Hz and an R value of 0.1.  Constant-K 
testing was performed in this study to look for subtle changes in crack growth behavior as the 
crack propagated through the EBF3 deposited material [11, 12].  Maintaining constant K is 
useful should the crack growth resistance vary as crack propagation occurs across boundaries 
between the EBF3 deposited rows.  
Constant-K test data is best plotted as crack length (a) versus cycle count (N).  This data is 
presented in Figure 12 for a monolithic CP titanium specimen and a monolithic Ti-8Al-1Er 
specimen.  The slope of these data is the fatigue crack growth rate (da/dN).  A fitted line through 
these data is used to determine the crack growth rate for K = 7.9 MPam (with a load ratio, 
ratio of minimum to maximum load in a fatigue load cycle, of R = 0.1), for CP-Ti (blue triangular 
symbols) and for Ti-8Al-1Er (red square symbols).  From these data, it can be seen that for a 
cyclic crack-tip stress intensity factor of K = 7.9 MPam the CP-Ti material exhibits a crack 
growth rate approximately twice that of the Ti-8Al-1Er alloy (da/dN = 3.55 x 10-9 m/cycle 
compared with da/dN = 1.75 x 10-9 m/cycle, respectively).  Further, the crack growth path did 
not exhibit any deviation that would have been expected if the boundaries between EBF3 
deposition passes were relatively weak in fatigue crack growth resistance.  This observation 
suggests that the material produced is rather homogenous in terms of fatigue crack growth 
 performance.  Also, the Ti-8Al-1Er material is more resistant to crack growth (lower crack 
growth rate). 
 
Figure 12. Fatigue crack growth results from CP-Ti and Ti-8Al-1Er monolithic ESE(T) specimens 
fabricated by EBF3 
The fatigue crack growth data for the composite specimen (described in Section 5.1) are 
plotted in Figure 13.  This specimen was tested at a constant K value of 9.9 MPam.  Steady 
state crack growth data in the Ti-8Al-1Er material (da/dN = 4.15 x 10-7 m/cycle), indicated as red 
square symbols, was shown to occur between crack lengths of approximately 6 mm and 12 mm.  
Around a crack length of 12 mm, the crack began to propagate into the transition region 
between the two materials; these transient data are indicated as open circular symbols.  Upon 
propagating into the CP-Ti region, steady state crack growth was re-established (blue triangular 
symbols; da/dN = 8.65 x 10-7 m/cycle) over a range in crack length between approximately 14 
mm and 20 mm.  Note that the earlier observation that the crack growth rates in CP-Ti were 
nearly a factor of 2 greater than for the Ti-8Al-1Er alloy (recall Figure 12; K = 7.9 MPam) also 
is true at higher K (= 9.9 MPam).  
Photographs of the crack profiles are shown in Figure 14.  Fatigue cracks can be seen 
originating at the crack starter notches on the left side of each photograph.  The crack profile of 
the CP-Ti (Figure 14a) exhibited a few “jogs” where the crack briefly deviated from the direction 
perpendicular to the applied load.  Two such jogs are shown in the red circle of Figure 14a.  
This seemed to occur along the boundaries between e-beam deposition rows, however, this did 
not produce any anomalous fatigue crack growth behavior.  In comparison, the crack path of the 
Ti-8Al-1Er alloy, shown in Figure 14b, seems to be somewhat less tortuous and did not exhibit 
any jogs in the crack path for the specimen tested.  A photograph of the crack path in a 
specimen with a gradient from Ti-8Al-1Er to CP-Ti is shown in Figure 14c; note that the Ti-8Al-
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1Er region was better polished than the CP-Ti region despite being subjected to the same 
polishing procedure.   Presumably this is due to the differences in the mechanical properties 
(e.g., hardness) between the materials in the two regions.   
The crack growth rate testing presented in this document was done at a load ratio of R = 
0.1.  At such low values of R, crack closure is expected to significantly affect fatigue crack 
growth rates, potentially more so for the relatively ductile CP-Ti [11, 12].   
 
Figure 13.  Fatigue crack growth results for gradient CP-Ti/Ti-8Al-1Er ESE(T) specimen fabricated by EBF3. 
 
 
 
 
 
 
 
 
 
 Figure 14. Photographs of crack profiles for monolithic (a) and (b), and gradient (c) ESE(T) specimens 
fabricated by EBF3. 
5.4. Fatigue Testing 
 
Fatigue testing was done using small dogbone tensile specimens shown schematically in 
Figure 15.  Specimens were machined from monolithic (single titanium alloy) EBF3 samples 
such that the loading direction (corresponding with the length of the specimen) aligned with the 
direction of wire deposit.  Before testing, specimens were polished on one side to allow for 
EBSD characterization, then coated with a fine speckle pattern for digital image correlation 
strain-field analysis.  The combination of EBSD (to characterize surface microstructure) and 
image correlation (to characterize surface strain field) potentially allows a direct correlation 
between microstructure and strain during mechanical testing.  For this study, mechanical testing 
was performed on a servo-hydraulic test machine with optical microscopes (approximately 250X 
magnification) such that the strain-field resolution was on the order of the size of the grains 
within these alloys.   
Testing was done using a servo-hydraulic test machine to apply sinusoidal loading with a 
peak load of Pmax = 3.34 kN, a load ratio of R = 0.1, and a loading frequency of 5 Hz.  The 
maximum value of stress was approximately max = 518 MPa.  During fatigue loading, digital 
images were captured at peak load once every 200 load cycles. 
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Figure 15.  Schematic of small dogbone specimens used for fatigue testing. 
 
 
 
5.4.2 – Crack Initiation and Microstructurally Small Propagation in Ti-8Al-1Er 
The initiation site of the crack that eventually resulted in failure was not discovered.  Instead, 
other crack nucleation events that did not proceed to failure were examined.  There were fewer 
small cracks in the material than expected, and they all seemed to initiate from voids rather than 
from erbia particles.  One nucleation site is shown in Figure 16.  The crack appears to have 
been nucleated at the void.  At the presumed nucleation site, two large debonded erbia particles 
can be seen. Their size and proximity constitute an extreme case of the microstructure, and it is 
possible they played some role in the crack nucleation event.  Once nucleated, the crack 
propagated in a microstructurally small manner, following slip planes.  The crack seems to 
ignore nearby erbia particles entirely, even when passing as close as a micron, suggesting that 
the erbia particles do not easily delaminate from the titanium matrix.  Interestingly, this 
crystallographic behavior continues even in the presence of low energy twin boundaries, 
suggesting that the apparent grain refinement due to large amounts of compressive twinning 
during processing does not affect crack propagation. 
In one examined region of the sample, a cluster of tensile twins was found, shown in Figure 17. 
The twins have a characteristic plane of ሼ1	0	1ത	2ሽ  and a misorientation angle of 85 degrees.  
Tensile twins in this material are generally thinner than the compression twins.  These twins 
 were probably formed during processing, as there was no noticeable change in the twin fraction 
before and after deformation, and the sample was not significantly plastically deformed.  As 
seen in the accompanying kernel average misorientation map, the region with a high tensile twin 
fraction is associated with strong localization of dislocation density. Twins may play an important 
role in deformation and fatigue, and may be readily controlled by controlling the texture of the 
material. 
 
 
 
Figure 16.  An electron image (left) and an IPF map of a region around a void where a crack nucleated.  Note that 
the crack propagates along a straight, crystallographic direction and is not deflected by twin boundaries. 
 
If processing parameters for this material were optimized and the void content reduced, 
other mechanisms may play a more important role in damage initiation.  Therefore, while crack 
nucleation in this sample was affected by voids, localization due to other microstructural 
features was also examined. First, localization around an erbia particle was examined.  Very 
high resolution EBSD diffraction patterns were collected in the region of an erbia particle, shown 
in Figure 17.  The level of plastic deformation is approximated by using the kernel average 
misorientation, an analog of geometrically necessary dislocation density accumulation.  While 
there is a noticeable increase in dislocation density around the particle compared to the 
surrounding matrix, it pales in comparison to a nearby slip band.  The dislocation accumulation 
suggests that the particles play an important role in strengthening the material via the Orowan 
mechanism. So far, no evidence has been found that this dislocation accumulation culminates in 
fracture of the particle and/or delamination, as is typical of other hard particles. 
In addition to the compression twins that are ubiquitous in the sample (due to processing), a 
much smaller amount of tensile twins were also found in one region of the sample, shown in 
Figure 18.  The twins have a characteristic plane of ሼ1	0	1ത	2ሽ and a misorientation angle of 85 
degrees.  Because an EBSD scan of sufficient resolution was not conducted of this region prior 
to failure, it is unclear whether these twins formed during processing, during fatigue loading, or 
during catastrophic failure.   Their small size and the fact that multiple twins of the same 
orientation formed in the same grains suggest that they formed during load.  As seen in the 
accompanying kernel average misorientation map, the highly twinned region is associated with 
strong localization of dislocation density.  Twinning may play an important role in deformation 
and fatigue, and may be readily controlled by controlling the texture of the material. 
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Figure 17. Detail of an erbia particle (marked with an arrow) in a highly deformed region of the sample using 
both a secondary electron image (a) and a kernel average misorientation map (b).   
 
5.4.2.2 Microstructurally Large Crack Propagation 
In the previous section, no evidence was discovered of erbia particle involvement in fatigue 
crack propagation at small length scales.  This remains true even at larger length scales.  In 
Figure 19, an image of the fracture surface is shown where the crack is growing at a crack 
growth rate of approximately 1 micron per cycle.  Here, the crack is through the thickness of the 
sample.  While a number of erbia particles are visible in this region, none are delaminated and 
the crack front does not bow in their presence, suggesting no weakness and delamination. 
Once the sample began to fail catastrophically, the fracture becomes more ductile, as seen 
in Figure 20.  At this point, the erbia began to participate in the ductile failure of the material, 
and cup-and-cone structure is clearly visible with erbia particles visible in many “cups.”  Thus, 
while no evidence was found that the erbia dispersoids of this material negatively impact its 
fatigue life, they are probably responsible for the reduction in ductility under monotonic loading 
(recall Figure 9). 
 
 
 
 
 
5 mm 
  
 
 
 
 
 
 
 
 
 
 
Figure 18.  IPF map (above) and a kernel average misorientation map (below).  Note the correlation of the 
tensile twins (marked) and regions of high kernel average misorientation. 
 
 
 
 
 
Tensile twins 
100 m 
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Figure 19.  Electron image of the fracture surface where the crack was propagating under fatigue loading.  Note 
that the crack front does not seem to be affected by the erbia particles. 
 
 
 
 
 
 
Figure 20. Electron image of the fracture surface where ductile crack propagation rapidly occurred, leading to 
catastrophic failure.  Note the cup-and-cone structure as it relates to the fluorescent erbia particles. 
6. Modeling of Materials  
The complex crystallographic and morphological heterogeneities present in polycrystalline Ti-
6Al-4V alloys result in localization of heterogeneous stresses and strains which govern where 
cracks can potentially nucleate within the bulk of the material. For instance, favorably oriented 
large grains [13] and a combination of hard and soft grains were observed to be preferred 
locations for crack initiation in Ti alloys subjected to fatigue [14]. Further, fatigue cracks in a Ti-
 6Al-4V alloy (in both low-cycle fatigue and high-cycle fatigue regimes) formed mostly on basal 
slip planes and less frequently on prismatic slip planes [15]. Hence, microstructure plays a great 
role in crack initiation. It is worthwhile to understand how heterogeneous stress and strain 
localizes over the microstructural map of a material. Crystal plasticity finite element (CPFE) 
framework solves for the complex 3D stress and strain states and slip system activation within 
the microstructure, given a finite element representation of the microstructure of the material and 
the material response attributes (for instance, the orientation of grains, grain neighbors, elastic 
constants, hardening parameters etc.). For a detailed overview of the state-of-the-art CPFE 
models, refer to Raabe, et al. [16]. 
Over the past decade, several researchers have used the CPFE framework to understand the 
correlation between microstructural attributes and crack driving forces. Venkataramani et al. [17], 
using a dwell sensitive crystal plasticity model for Ti-6Al-2Sn-4Zr-6Mo, demonstrated that grains 
favorably oriented for basal slip transfer stress to nearby hard grains through load shedding. 
Dunne et al. [18] and Kirane et al. [14], using CPFE, demonstrated that certain types of “rogue” 
grain combinations (combinations of hard/soft grains) significantly increased crack driving forces. 
Anahid, et al., [19] used a well calibrated reduced order CPFE framework to calculate the dwell 
fatigue life of a Ti-6Al-2Sn-4Zr-6Mo alloy. Further, Przybyla, et al. [20] used extreme value 
correlations (sampled from simulating multiple number of statistical volume elements 
representative of microstructure of real material) to enable the identification and comparison of 
configurations of microstructural attributes that drive fatigue crack initiation (and hence result in 
the variability in fatigue life) in a duplex Ti-6Al-4V alloy. It is evident from aforementioned studies 
that fundamental insights regarding how microstructure affects the properties, and hence 
performance, of the material can be developed by using well calibrated and validated CPFE 
framework in conjunction with experimental data. 
By leveraging a rate dependent CPFE framework, we aim to quantitatively understand the 
complex stress and strain heterogeneities within the microstructure of the material. A CPFE 
framework was used to solve for the heterogeneous stress state within the polycrystalline 
microstructure by combining anisotropic elasticity with rate-dependent crystal plasticity kinetics. 
For the purpose of this study, erbia particles haven’t been explicitly considered within the 
microstructure, but they can be incorporated in the future studies. For the elastic behavior, 
individual grains within the microstructure were assigned five independent cubic elastic constants 
C11, C12, C13, C33 and C44 equal to 153.97 GPa, 85.98 GPa, 67.16 GPa, 183.0 GPa, and 46.27 
GPa, respectively [21]. Rate-dependent crystal plasticity kinetics (flow rule and hardening law) 
were assigned for the grains. The flow rule used for describing incremental slip on the slip systems 
is shown in Eq. 1: 
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The slip resistance, , shown in Eq. 2, evolves according to a gradient based evolution 
law obtained from combining the hardening laws given by Beaudoin et al. [22] and Voce-Kocks 
relations [23]. 
 
 24 
 
(2) 
 
where  are the initial and saturation resolved shear strengths of slip system α;  
represents the number of slip systems; Ho and Go are the direct hardening coefficients; b is the 
Burgers vector; p is the slip plane normal; and  is the measure of dislocation density and is 
calculated using the gradient of plastic deformation as shown in Eq. 3, 
 
 
(3) 
 
In addition to the elastic constants, there are 7 calibrated parameters ( , m, Ho, Go, 
) in the crystal plasticity model used in the current framework. The parameters were 
iteratively tuned in order to fit the macroscopic stress strain curve obtained from simulations to 
that obtained from tensile tests done at room temperature. The final calibration parameters of the 
crystal plasticity framework are shown in Table 1.  
 
Table 1. Calibrated parameters to fit the macroscopic stress strain curve of Ti-64 at room temperature. 
 
Parameter Value 
 (s-1) 0.001 
m 0.048 
Ho (MPa) 400.0 
Go (MPa) 400.0 
 (MPa) 257.3 
 (MPa) 280.2 
 (GPa) 46.27 
 
For the purpose of quantitatively understanding the heterogeneous stress state within the 
microstructure, a CPFE simulation was run on a digitally reconstructed microstructural region 
obtained from a well-polished test specimen. First, a 3D model of the microstructure was created 
by extruding the EBSD scan in the Z direction, using DREAM.3D [24]. Second, the surface 
meshes of grains created using DREAM.3D were exported to Gmesh [25] to generate a 3D 
volume mesh of the microstructure model. The final volume mesh (of the microstructure shown in 
Figure 21) was composed of 5,236,217 quadratic tetrahedral elements and 8,286,565 nodes. An 
in-house finite element package, ScIFEi [26], was used to carry out the CPFE simulation. A 
macroscopic strain of 1% was applied to the microstructure, and the simulation took 
approximately 3.5 hours to complete, when run in parallel on 256 processers. 
 
 
 
 
 
 Table 2. Model boundary conditions. 
 
Boundary face Boundary condition 
-X Fix X displacement 
+X Apply X displacement 
-Y Fix Y displacement 
+Y Free 
-Z Fix Z displacement 
+Z Free 
 
 
 
 
 
Figure 21. EBSD scan taken on a polished surface of a Ti-8Al-1Er test specimen. 
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Figure 22. Strain component ( ) in the loading direction (XX) calculated from CPFE simulation using the 
microstructure shown in Figure 21. The strain map was obtained at an applied macroscopic strain of 1%. 
 
 
 
Figure 23. The von Mises stress calculated from CPFE simulation using the microstructure shown in Figure 21. 
The results show high stress concentrations within some favorably oriented grains. The stress map was obtained at 
an applied macroscopic strain of 1%. 
 
 Figure 22 shows the strain component in the loading direction. It can be seen from the strain 
map that some of the favorably oriented grains (aligned approximately 45 degrees to loading 
direction, XX) show high strain localization. Figure 23 shows the von Mises stress map on the 
microstructure. Specific locations within the microstructure are subjected to stress almost twice 
that of the average cross-sectional stress of 800 MPa. These high stress regions could be the 
hot-spots where cracks could initiate. Characterization of these hot-spots from the microstructural 
point of view will help establish a link between the microstructural attributes (like 
orientation/activation of basal or prismatic slip, combination of hard and soft grains, etc.) and crack 
driving forces (determined using the fatigue indicator parameters). This will be the focus of future 
studies. 
 
7. Discussion/Next Steps 
 
As with other additive manufacturing methods, EBF3 allows components to be “built-up” 
instead of “machined down,” which significantly reduces wasteful machining byproducts (e.g., 
chips from traditional machining processes).  Further, by changing the wire product or 
processing parameters, EBF3 allows for development of materials with gradients in composition, 
microstructure, and mechanical properties.  While creating such gradients is not a new idea, 
further work is needed to develop a physics-based understanding of the interrelations of (1) the 
composition and processing parameters with the resulting microstructure and (2) the 
microstructure with the resulting mechanical performance.  The work presented in this 
document is a first step towards establishing this knowledge.  Ultimately, such efforts will permit 
the design of advanced materials with specific mechanical performance (e.g., crack growth 
resistance) based on alloy composition and processing parameters.  This would reduce the 
dependence on empirical experimental results, which would decrease the time and costs 
associated with certification of new materials for use in aerospace structures.  
The next steps towards continuation of this work include: (1) developing process modeling 
capability and (2) modeling the material response at smaller length scales.  As indicated in 
Figure 2, the ultimate goal is to relate processing parameters to microstructure and mechanical 
performance.  Doing so requires process modeling capability which has not been explored in 
the current effort.  The analysis results shown in Section 6 were done using crystal plasticity, 
which is a continuum-mechanics-based modeling method typically capturing microstructural 
features on the order of grain dimensions (nominally hundreds of microns).  Capturing the 
influence of the erbia dispersoids (typically tens of nanometers in diameter) requires analysis to 
be done at a much smaller length scale.  Future efforts would require the use of advanced 
analysis tools that include dislocation dynamics or molecular dynamics.   
 
8. Summary 
 
Electron beam freeform fabrication (EBF3) Ti products were produced to show the feasibility 
of fabricating metallic materials with gradients in composition and mechanical properties.  
Materials were made with a gradient between CP-Ti and Ti-8Al-1Er.  Experimental data 
presented in this document show that chemical gradients can be created in EBF3 deposited 
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material that result in mechanical gradients in yield stress, ultimate tensile stress, elastic 
modulus, elongation at failure (ductility), hardness, and fatigue crack growth rates. 
Tensile tests on monolithic samples showed that the Ti-8Al-1Er material had a yield strength 
of 740 MPa, a modulus around 12 % greater than CP Ti, and about half the elongation.  Tests 
on monolithic blends of Ti-8Al-1Er  and CP Ti showed that these properties followed the rule of 
mixtures.  The fatigue crack growth rate of Ti-8Al-1Er  was about half that of CP Ti.  Finally, 
microhardness tests and a fatigue crack growth test on a composite sample showed that 
diffusion results in a smooth transition of properties at the interface of the two materials. 
Microscopy results suggest that the erbia particles in the Ti-8Al-1Er  material have a bimodal 
size distribution, with larger particles being homogeneously distributed, and smaller particles 
nucleating at the grain boundaries.  Dislocation build up around these particles suggests that 
they contribute to the strength of the material, while at the same time post mortem analysis 
suggests that these particles do little to contribute to fatigue crack growth.  However, the larger 
particles do contribute to the ductile failure of the material, as shown in the ductile fracture 
surface. 
There remains a good deal of experimental testing that should be conducted on the 1-D 
material produced for this study.  To ensure that the fatigue crack growth trends observed in 
Figure 8 hold in the absence of crack closure, additional fatigue crack growth testing of gradient 
materials should be done at a higher value of R where crack closure is expected to have a 
negligible role (e.g., R = 0.5).   
The EBF3 method deposits material in rows of a finite width; in this study, the rows were 
approximately 6 mm wide.  It is possible that periodic variations in some material properties may 
occur with respect to the direction normal to the plane of deposition.  Although tensile testing 
has been done on these materials, it was done using extensometers that might fail to capture 
such periodic variation in strain fields.  Therefore, additional testing is planned to perform tensile 
testing using digital image correlation method, which will provide full-field strain data rather than 
a single scalar value from an extensometer.  
Finally, in order to use a computational approach for science-based design of structurally 
graded materials, an analytical model will be generated of the mechanical test response of 
these materials.  Although the materials produced for this study had a gradient in only one 
direction (1-D), ultimately, the models will be generated for materials with gradients in multiple 
directions (2-D and fully 3-D gradients). 
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